Introduction-To evaluate how experienced dual users used cigarettes and e-cigarettes in realworld use and under different levels of cigarette availability.
Introduction
Ever-use of electronic cigarettes (e-cigarettes) in a US probability sample increased from 1.8% in 2010 to 13% in 2013, while current-use (use on some days or every day) climbed from 0.3% to 6.8% over the same time period (McMillen, et al., 2015) . Current e-cigarette use is highest amongst daily cigarette smokers -one-third reporting use in 2014 (McMillen et al., 2015; Brown et al., 2014; Centers for Disease Control, 2013; Dockrell, et al., 2013; King, et al., 2015) .
Tobacco use is a causal factor in about 6 million deaths annually worldwide (World Health Organization, 2011) , with the majority attributable to smoking (Prabhat, 2012) . E-cigarettes likely have less severe direct health effects than do combustible cigarettes (Farsalinos & Polosa, 2014; Hecht et al., 2015; Polosa, 2015) . If e-cigarettes can substitute for cigarettes, they can potentially produce public health benefit.
Whether e-cigarettes will substitute for cigarettes depends, in part, on if they yield effects approximating the cigarette effects thought to cause dependent cigarette use (reduce tobacco withdrawal symptoms, deliver meaningful levels of nicotine; Institute of Medicine, 2012) . This study examines whether e-cigarettes appear to produce effects similar to cigarettes (as noted above), and whether e-cigarette use was associated with reduced cigarette use.
This study comprised both "dual users" (DUs: users of both e-cigarettes and cigarettes) and those who smoke only (SOs). This permitted analysis of the extent to which conjoint ecigarette use was associated with different patterns of cigarette use and other related outcomes. We were interested in whether DUs 1) smoke fewer cigarettes and have lower carbon monoxide (CO) levels than SOs; 2) show elevated levels of nicotine relative to SOs, especially during periods of smoking reduction when they could use e-cigarettes ad libitum; 3) report lower levels of withdrawal symptoms during periods of smoking reduction; and 4) are more able than SOs to reduce and/or stop their cigarette use. We sought to determine whether any observed differences between DUs and SOs were related to gender and nicotine dependence, factors implicated in smoking motivation and cessation success (Perkins, Donny, & Caggiula, 1999; Piper, McCarthy, et al., 2008; Wray et al., 2015) .
Survey and laboratory research has addressed the effects of e-cigarettes on the outcomes listed above. Survey research (Etter & Bullen, 2011) shows most e-cigarette users report that e-cigarettes are helpful for reducing withdrawal symptoms, craving, and smoking heaviness. Obviously, survey studies provide neither real-time data associated with e-cigarette use, nor data arising from experimental manipulations such as smoking deprivation.
Laboratory research has yielded data on the potential of e-cigarettes to displace or substitute for cigarette use (Bullen et al., 2010; Dawkins & Corcoran, 2014; Dawkins, et al., 2012; Nides, et al., 2014; Vansickel, et al., 2010; Vansickel & Eissenberg, 2013) . Such studies suggest that e-cigarettes, especially when used by experienced users, can reduce tobacco withdrawal symptoms, exert appetitive effects, and reduce urges to smoke cigarettes . Some studies (Bullen et al., 2010; Vansickel et al., 2010) did not use experienced e-cigarette users using their own e-cigarette brands. Evidence shows that experienced users obtain stronger effects from e-cigarettes than do inexperienced users Nides et al., 2014; Vansickel & Eissenberg, 2013) . Most studies involved only acute use of e-cigarettes and did not observe their effects over extended periods of time in real-world use (Bullen et al., 2010; Dawkins & Corcoran, 2014; Nides et al., 2014; Vansickel et al., 2010; Vansickel & Eissenberg, 2013) .
Methods

Study sample and data collection
This was a 26-day study, conducted March 2013 to May 2014, in the Madison and Milwaukee, WI, metropolitan areas. All participants provided written informed consent and the study received approval from the University of Wisconsin Health Sciences Institutional Review Board.
Eligibility for study participation included: minimum 18 years old; able to read and write English; smoking at least five cigarettes per day for the past six months; not currently using any smoking cessation medication; planning to remain in the area for the study duration; no history of psychosis or bipolar disorder; not planning to quit tobacco use in the next 30 days; willing to follow study procedures; and if female, not be pregnant or nursing and willing to use acceptable methods of birth control during the study. For the Smoke Only group, participants could not have used a single type of alternate tobacco products (e.g., ecigarettes, snus, or chewing tobacco) more than five times in their life and not have used alternate tobacco products in the past six months. For the Dual Use group, participants had to have used e-cigarettes at least three times per week for the past three months. Recruitment occurred through point-of-purchase displays at convenience stores in southern Wisconsin and the Milwaukee metropolitan area and through a context-sensitive Facebook ad seeking both smokers and dual users. Interested people completed a brief screening interview and if cleared were invited to attend an in-person initial study visit.
Once informed consent was obtained and eligibility criteria confirmed at Visit 1 (V1, Day 1), participants provided a carbon monoxide (CO) breath sample and a urine sample for nicotine analysis. They also completed a baseline survey including demographics, smoking history, the Fagerstrom Test of Cigarette Dependence (FTCD: Fagerstrom, 2012) , and the Wisconsin Inventory of Smoking Dependence Motives (WISDM: . Participants were then given a study cellphone with the app preinstalled. They were trained in the use of the app. Participants were asked to use the app to log each time they smoked or vaped throughout the day. DU participants were instructed that a vaping episode meant taking two or more puffs on an e-cigarette close together and isolated in time from other vaping episodes. Four hours after waking, and at two subsequent four hour intervals, the app prompted participants to complete a brief assessment of withdrawal symptoms, the amount of smoking (and/or vaping) in the past four hours, time since last cigarette (or e-cigarette), and environmental factors related to last use. Participants were asked to complete the surveys as soon as possible following the notification.
Participants were instructed to continue smoking and vaping normally over the next week, and to use the smartphone app as directed (see Figure 1 for study timeline). On Study Day 8 (V2), participants provided CO and urine samples, and completed another survey. Their average daily smoking during the previous week was calculated. All participants were then asked to reduce their smoking to 75% of baseline (rounded to the nearest whole cigarette) for the next week. Participants in the DU group were told they were free to use their ecigarettes as they wished. Participants made another in-person visit (V3) on Study Day 11 to confirm adherence to reduction by CO level. On Study Day 15 (V4), participants once again provided biological samples and completed a survey. Following that visit, they were instructed to return to their normal cigarette smoking rate over the next week. On Study Day 22 (V5), participants completed regular study visit assessments. Starting the next day, they were instructed to not smoke at all until their visit on Day 26 (100% reduction; DU participants were again told they were free to use their e-cigarettes as they wished). Both 75% and 100% reduction periods were used in order to determine whether hypothesized ecigarette effects occurred during either partial or full smoking deprivation. Participants returned to assess adherence on Study Days 24 (V6) and 26 (V7).
Participants received financial incentives for attending study visits, completing at least 80% of their smartphone assessments, meeting CO targets during the reduction and cessation intervals, and for returning study smartphones at the end of the study (total possible study compensation = $560).
Measures
Key outcome measures included biological measures (urinary nicotine, CO), self-reported ecigarette and cigarette use, and self-reported ratings of craving and negative affect. Biological measures were collected at each of the seven study visits. Daily symptom ratings and cigarette/e-cigarette use were collected via the smartphone app. The craving and negative affect symptom measures were derived from the Wisconsin Smoking Withdrawal Scale (WSWS: Welsch et al., 1999) with items rated on a 0-4 scale from 0=Strongly Disagree to 4 = Strongly Agree. Craving was measured with a single item: "I have been bothered by the desire to smoke a cigarette." Negative Affect was measured as the mean of three items: "I have been tense or anxious," "I have been irritable, easily angered" and "I have felt sad or depressed." Urine samples were transferred to storage tubes and frozen immediately following collection. Samples were stored in −20°C freezers and shipped at two-week intervals to Weck Laboratories (City of Industry, CA). Nicotine levels in each sample were determined using liquid chromatography-mass spectrometry electro-spray positive ionization methods with minimum reporting limits of 20 μg/l.
(2.2.1) Ad Libitum Period-observations collected during each ad lib period (V1, V2, and V5 for nicotine; Days 1-8 and 16-21 for craving and negative affect app measures) were combined into a mean ad lib value for each participant; this was done because analyses showed similar patterns of results within the two ad lib periods and to obtain more stable estimates (Nunnally & Bernstein, 1994) .
(2.2.2) 75% Reduction Period-observations collected during the 75% reduction period (V3 and V4; Days 9-14) were combined into a mean 75% reduction value.
(2.2.3) 100% Cessation Period-observations collected during the 100% cessation period (V6, V7; Days 24-25) were combined into a mean 100% cessation value.
Data analysis
Group differences (DU vs. SO) in baseline characteristics were tested via t-tests for continuous variables and chi-square tests for categorical variables. Key study outcomes were analyzed via mixed ANOVA with Period (Ad Lib vs. 100% Reduction Period) as a withinsubjects (repeated measures) factor and Group (DU vs. SO) as a between-subjects factor. We also tested additional between-subjects factors including gender and cigarette dependence level (low vs. high, as measured by scores on the FTCD with a cut-score of 5). Mixed ANOVAs yielded tests of main effects and interactions; partial eta-squared ( )was computed as a measure of effect size. All tests were two-tailed tests with alpha set at .05 and conducted using SPSS (IBM Corporation, 2013).
Results
Sample characteristics
A total of 148 participants enrolled in the study, divided evenly between the SO and DU groups (Table 1 ). Compared to the DU group, the typical SO participant was more likely to be female, a member of a minority group, older, to have smoked longer, to have made fewer quit attempts, and to have higher levels of Primary and Secondary dependence as assessed by the WISDM . Table 2 characterizes the e-cigarettes used by participants in the DU group by Device Configuration and Nicotine Concentration (percent nicotine in "e-juice"). Device type and nicotine concentration were unrelated to gender. Figure 2 displays the mean smoking rates of participants across the experimental phases. The smoking rates of DUs and SOs were quite similar across these phases, with the SO participants showing a slight tendency to smoke more in the initial baseline phase. No group effects were present, and the pattern of effects was similar in both genders.
Smoking rates and intensity
Carbon monoxide levels were analyzed to evaluate the intensity of smoking. Groups did not differ on CO when it was modeled as a continuous variable (p's > .05). The mean CO values for the Ad Libitum smoking periods were nonsignificantly lower for DUs than SOs (14.4 ppm [SE = .94] vs. 15.3 ppm [SE = .93], respectively). Figure 3 displays the pattern of self-reported vaping episodes for DUs across the four experimental periods by dependence level (low vs. high FTCD score). For DU participants, e-cigarette use was fairly low during the Ad Libitum smoking periods (M's = 1.69 & 1.58 uses/day for the first and second Ad Libitum periods, respectively), but rose substantially in the 75% (M = 5.00) and the 100% Reduction periods (M = 6.21), respectively; these increases from the combined Ad Libitum periods were both significant in analyses with and ). Moreover, there was a Period X FTCD interaction, as more dependent smokers escalated their use of ecigarettes more than did less dependent smokers: from 1.3 to 6.6 versus 1.7 to 3.4 (F (1, 67) = 6.6, p < .05;
Vaping episodes
). Higher dependence consistently predicted greater escalation in vaping during smoking reduction (see Figure 3) . Highly dependent women increased their vaping rate by a factor approaching 10 when they transitioned to 100% Reduction, a much greater increase than seen in other participant groups.
Adherence, nicotine, craving, and negative affect during smoking reduction
Adherence to the smoking reduction instructions was assessed by expired CO level (highly consistent with app reported smoking rates). For the 75% Reduction period, the percentages of participants meeting the CO criterion for adherence (CO ≤ baseline CO) were 59.7% and 66.2% for the SO and DU participants, respectively (χ 2 =.64, p=.42). Participants in the DU Group were more likely to meet the 100% Reduction abstinence criterion (CO≤8 ppm) than those in the SO Group: 97.1% versus 81.2%, respectively (χ 2 =9.05, p=.003). The main analyses of urinary nicotine contrasted nicotine levels (ng/ml) in the Ad Libitum smoking periods separately with levels in the 75% and 100% Reduction periods. Effects were examined in models both with and without gender and FTCD covariates. Models were also run with all participants and with only those meeting the CO criteria for smoking reduction in the Reduction periods.
A Period X Group X Gender effect was found when analyzed with and without the FTCD covariate (F's (1, 97/1,93) = 4.2/4.4; p's < .05; ). Female DUs had especially high levels of nicotine during the Ad Libitum periods and showed especially large drops during the 100% Reduction period (also true for the 75% Reduction period; see Figure 5 ). Females' reduction-related drop in nicotine (1413 μg/l) was especially great relative to the drop seen in DU males (535 μg/l). However, even after this drop, DU females had nicotine levels higher than those of female SOs during the 100% Reduction period (p < .05). DU males were nonsignificantly higher than SO males. When concentration of nicotine in the ecigarette nicotine solution was correlated with urinary nicotine level at each visit amongst the DUs for whom data were available, all correlations > .29.
Consistent effects were found in analyses that compared craving in the Ad Libitum versus 100% Smoking Reduction periods. Analyses with all participants yielded a Period X Group X Gender interaction (F (1, 133) = 6.3, p < .05; ; this effect remained significant when the FTCD was included as a covariate). This interaction reflects, in part, that women SOs showed larger increases in craving from Ad Libitum periods to 100% Reduction than did DU women (see Figure 6 ). The mean increase in craving was 1.03 for SO women and 0.56 for DU women. Male DUs tended to report greater increases in craving than did male SOs.
Group effects were present in covariate adjusted analyses comparing negative affect in the Ad Libitum versus 100% Reduction periods. With all participants in the analysis, a 4-way interaction was found [Period X Group X Gender X FTCD (F (1, 128) = 4.8, p < .05; )]. Highly dependent SO women showed an increase in negative affect from Ad Libitum to 100% Smoking Reduction = 0.9, while the respective figure for highly dependent DU women = 0.54. However, amongst women low in dependence, DU women showed larger withdrawal related increases (an increase of 1.0 vs. 0.25 respectively, for DU and SO women low in dependence). The 4-way interaction approached significance when the analysis was restricted to those who met the 100% Reduction criterion (p = .055) and was significant amongst all participants in comparisons of the Ad Libitum and 75% Reduction periods, (F (1, 132) = 5.0, p < .05;
). When the FTCD was not included in the analysis, there were no Group effects.
Motivation, confidence, and likelihood of smoking cessation
At the final study visit, participants were asked how motivated they were to quit, how confident they were of being able to quit successfully, and how likely they were to quit in the coming year. SOs were significantly more motivated to quit than were DUs (mean rating on a 10-point scale = 6.51 vs. 3.97, t(138)=5.65, p<.001; Cohen's d=.96). The two groups did not differ on confidence or likelihood estimates. Amongst those in the DU group, 70% thought e-cigarettes made it more likely they would quit smoking, 18.6% thought ecigarettes would have no effect on their quitting, and 10% thought e-cigarettes would make them less likely to quit smoking.
Discussion
This research explored the extent to which e-cigarettes have the potential to substitute for cigarettes during periods of ab libitum smoking and smoking reduction. Neither self-report nor CO data showed reliable differences in cigarette consumption between the groups across any of the experimental periods. One study noted such reduction (McRobbie et al., 2015) , but did not study long-term DUs; this study was conducted using participants quitting smoking. The DUs used e-cigarettes at a fairly low level during the Ad Libitum Smoking periods, but, on average, quadrupled their use of e-cigarettes during Smoking Reduction periods. Highly dependent women DUs showed large increases in reduction-related vaping.
DU women had higher nicotine levels during Ad Libitum smoking than did other participants. The causes of this are unknown, but could reflect their use of two nicotine delivery systems, their smaller body masses (than men), and differences in smoking efficiency. Interestingly, these DU women attained the highest nicotine levels despite the fact that DUs as a group were significantly lower in cigarette dependence than SO participants (Table 1) . While DU women showed especially large drops in nicotine during Reduction periods, they still had significantly higher nicotine levels than SO women during the 100% Smoking Reduction period.
SO women showed the largest increases in craving in the 100% Smoking Reduction period, relative to both men and DU women. In women, dual use was associated with reduced craving; this was not true for DU males. There was no evidence that DU males experienced less craving than SO males. Highly dependent SO women, but not highly dependent DU women, showed large jumps in negative affect due to attempted cessation. Amongst women low in dependence, DU women showed a greater increase in negative affect during abstinence than did SO women. The results provide some support for the hypothesis that ecigarette use may suppress withdrawal symptoms, especially craving, amongst women. Prior data show e-cigarettes reduce acute withdrawal in smokers (Dawkins & Corcoran, 2014; Nides et al., 2014; Vansickel et al., 2010) ; the current research suggests that, at least in DU women, extended real-world use of e-cigarettes may reduce withdrawal tonically during periods of smoking reduction.
DUs were less motivated to quit smoking than were SOs. DUs may have tried e-cigarettes for harm reduction purposes. Also, use of e-cigarettes may have led them to view smoking as less harmful. DUs reported more quit attempts than SOs; perhaps e-cigarette use was a fall back strategy in response to failed quit attempts. On the other hand, a large majority of DUs believed e-cigarettes would help them quit smoking. At present, it is unclear how this pattern of findings is best reconciled.
Several findings suggested that e-cigarettes could, in theory, effectively substitute for cigarettes. At least amongst women, e-cigarettes were associated with higher, tonic levels of nicotine, suggesting that they could be a meaningful alternative source of nicotine in realworld use. Although much of this effect appeared to occur during ad libitum use, there was some evidence of carry-over to periods of smoking reduction. The substitution potential of e-cigarettes is partially supported by evidence that women DUs reported less reductionrelated craving than did women SOs. That DUs escalated their use of e-cigarettes during periods of smoking reduction suggests that they used e-cigarettes to cope with smoking reduction. The fact that DUs were more successful than SOs in achieving brief abstinence from smoking suggests that such coping was effective (Bullen et al., 2013; Nides et al., 2014; Polosa et al., 2011; although cf. Caponnetto et al., 2013) . Finally, DUs showed less cigarette dependence on the WISDM than did SOs; it would be interesting to see if ecigarette use preceded or followed their reduced cigarette dependence.
Some findings challenge the hypothesis that e-cigarettes might substitute effectively for cigarettes. It was primarily women who showed some "substitution" effects: the relative suppression of withdrawal symptoms when abstinent. The pattern observed in DU women of high levels of nicotine during ad libitum use, and plunging levels during smoking reduction, could actually sustain cigarette use and dependence. There was no clear evidence that ecigarettes led DUs to smoke fewer cigarettes or reduce CO levels. This mixed pattern of findings demonstrates that additional research is needed to establish how well e-cigarettes substitute for smoking, for which smokers e-cigarettes substitute most effectively, and which effects of e-cigarettes are critical to substitution.
The most dramatic differences between DUs and SOs were found amongst women: in vaping rates during smoking reduction, in nicotine levels, and in reduction-related craving. Such observations are consistent with data showing that women report greater satisfaction with e-cigarettes (Grace, Kivell, & Laugesen, 2015) and show especially rapid uptake of ecigarette use (Strong et al., 2015) . This pattern may be related to gender differences in nicotine motivation. Women smokers appear to differ from men smokers in: nicotine reinforcement (Perkins et al., 1999) , sensitivity to the nicotine content of cigarettes as reflected by withdrawal alleviation (Perkins & Karelitz, 2015) , sensitivity to stressors, smoking cues, and abstinence as manifested in increased smoking motivation (Perkins, et al., 2013; Doran, 2014; Wray et al., 2015; although cf. Ferguson, et al., 2015) ; and negative reinforcement expectancies for smoking (Ferguson, Shiffman, & Gwaltney, 2006; Pang, et al., 2015; Perkins et al., 2006) . Any of these could yield gender differences in the use of, and response to, e-cigarettes. If women are more motivated to smoke because of nonpharmacologic motives (Perkins et al., 1999) than for nicotine receipt per se, then the former might motivate their e-cigarettes use and they would not be deterred by the relatively low nicotine yield of e-cigarettes Goniewicz, et al., 2013; Vansickel et al., 2010) .
Limitations
This study had several limitations, including the low frequency of use of e-cigarettes, limited data on type of e-cigarette and strength of the e-juice Vansickel & Eissenberg, 2013) . DUs and SOs differed on numerous variables (Table 1) because they reflect naturally occurring groups. Differences between the groups may result from factors other than their e-cigarette use per se. The greater dependence of SO participants may have negatively affected their withdrawal symptoms and smoking reduction success. Attempts to covary out such differences could result in uninterpretable results, however (Miller & Chapman, 2001; Vansickel & Eissenberg, 2013) . By recruiting people engaged in ongoing dual use, this sample did not include DUs who had previously transitioned to the exclusive use of e-cigarettes, or to nicotine abstinence. Finally, the tests of the ability of participants to reduce or quit smoking during the study in exchange for payment may have little external validity with regard to real-world reduction or cessation attempts.
Conclusion
In summary, this research compared two samples: DUs and SOs, on their real-world use of cigarettes and e-cigarettes, including during conditions of smoking reduction. Results showed that DUs increased their use of e-cigarettes when trying to reduce their smoking, and that DUs were more able than SOs to achieve brief abstinence from smoking. Women DUs displayed: 1) relatively high nicotine levels, especially during ad libitum smoking; 2) steep declines in nicotine during smoking reduction; and 3) reduced craving in response to smoking reduction and abstinence. Compared to SOs, DUs did not smoke significantly fewer cigarettes during either periods of ab libitum use or during periods of smoking restriction, nor did they produce lower CO levels. Thus, this research yielded a mixed pattern of results with regard to how effective e-cigarettes might be at displacing cigarette use based upon effects that are thought to underlie cigarette dependence. 
